Heat and Internal Energy
Consider two objects in vacuum at different temperatures. Assume that the objects are cool enough so that their radiation is negligible. If the two objects are placed in contact, the hotter of the two gets colder and the cooler gets hotter. This because energy is being transferred by conduction from the hotter object to the cooler object, otherwise known as heat flow. The energy that has been transferred is called heat. In physics, heat is rather narrowly defined as energy that has been transferred due to a temperature difference. (One of the reasons thermodynamics is usually a difficult subject is that colloquially heat has many other meanings.) Over time the two objects will have the same temperature. We cannot say that the initial hotter object has less heat or the initial cooler object has more heat, for there is more than one way to change the temperature of an object. For example, rubbing and compressing, which involve doing work, will also increase the temperature of an object. What we can say is that the initial hotter object has less internal energy than it did and that the initial cooler object has more internal energy than it did. Internal energy U is the total kinetic and potential energy of the particles that make up the object. Internal energy does not include center of mass motion and center of mass potential energy.
Both heat and work are energy but historically have been measured in different units. Joules are the units of work in SI units. Traditionally heat has been measured in the units of calories (cal). At around 15 deg C (degrees centigrade), an energy of 1 cal raises the temperature of 1 g of water to 1 deg C. In this experiment the equivalence between these two units will be measured.
The Calorie (Cal) used for food (note the capital C) is 1000 cal, or a kcal.
3 Overview of the Experiment See Fig. 1 . An aluminum cylinder is rotated by a crank. A cord or rope under known tension rubs against the cylinder and heats it by friction. You will determine the mechanical work done on the system and its measured in joules. The temperature rise of the cylinder is measured and then the amount of heat in calories necessary to produce the temperature rise is calculated. The amount of work done in joules is equated to the calculated heat in calories to obtain what is known as the mechanical equivalent of heat.
It is worthwhile to emphasize that the temperature rise of the cylinder is produced directly by work done on it. The heat is a calculated quantity. Ideally, there would be no heat flow in this experiment. What type of error occurs when there is a small amount of heat flow?
Theory
To determine the amount of work done on the cylinder, it is necessary to measure the temperature rise of the cylinder, and calculate the amount of heat necessary to produce the same temperature rise.
Work and Energy
Letting W be the work done on an object, F be the net force on the object, and r be the position of the object, a differential element of work is defined by dW = F ·d r. If F is the net force on a point object, the work is equal to the change in kinetic energy of the object. If the net force is zero, the kinetic energy of the object does not change. By increasing the internal energy, with the energy supplied by the mechanical work done in a system with a frictional force present, it is possible for the frictional force to raise the temperature of the object making the net force zero. A simple example is in one a dimensional motion there would be a block pulled at a constant speed by a horizontal string along a horizontal frictional plane. The force of friction would be canceled by the tension in the string. We assume that the block can conduct heat but that the plane cannot. The person pulling the string is doing work, and the temperature and internal energy of the block rises. The frictional rubbing sets the molecules in motion at the plane-block intersection vibrating and increases the local temperature. Heat flows into the block but not the plane because the plane was assumed to be a thermal insulator.
This experiment uses a rotational analog of the above situation. The cylinder is rotated at a fairly constant angular velocity about a horizontal axis by a crank. The crank applies a torque τ to the cylinder and does positive work. An opposite torque is applied to the cylinder by cord with a weight of mass M hanging on it (pail). The cord is wrapped a number of times around the cylinder and held so lightly at the other end that the torque applied by this end is negligible. The torque applied by the crank and cord are equal in magnitude but opposite in direction, and the rotating cylinder is in what we might call "rotational equilibrium." The magnitude of the torque τ applied by the crank is then equal to the torque of the cord which is M gR, where g is the acceleration of gravity and R is the radius of the cylinder. The positive work done by turning the crank is W = τ dθ, where θ is the angular rotation of the drum in radians. If the cylinder is rotated N turns, this gives W = 2πM gRN.
(1)
Calculation of Heat
The temperature rise of the cylinder is produced by mechanical work, allowing us to calculate the heat needed. The specific heat c of a substance is defined as the heat Q added to unit mass of the substance that will raise the temperature one degree. In SI units, the units of c are J/kg · K, where J is joules, kg is kilograms, and K is degrees Kelvin. The units of c used in this experiment are cal/g · deg C. Let T i and T f be the initial and final temperatures of the cylinder and let m be the mass of the cylinder in grams. The heat Q that will give the temperature rise is
The cylinder used is aluminum which has a specific heat of 0.220 cal/g · deg C, about 1/5 that of water.
First Law of Thermodynamics
For completeness we mention how heat Q and work W fit into the first law of thermodynamics. The temperature T and internal energy U of a system can be raised by heat flow or by doing work on the system. A system cannot be said to have a certain amount of heat or a certain amount of work. This translates into the statement that neither dQ or dW is a perfect differential of the system, and that when you bring a system from one state to a different state the amount of heat added or the amount of work done depends on how you change the state of the system. What is a perfect differential is the internal energy U , and the first law, which is a conservation of energy statement,
where dQ is positive if heat is added to the system and dW is positive if work is done by the system. Take note of the minus sign. The tildes above the dQ and dW emphasize that neither is a perfect differential. (Textbooks have various ways of indicating this.) Q is the energy transferred by a temperature difference. W is all other kinds of energy, be it mechanical, electrical, magnetic, or gravitational.
Apparatus
See Fig. 1 . An aluminum cylinder is mounted with its axis horizontal so that the brass slip rings are facing the inner part of the appartus towards the handle. The cylinder can be rotated by a crank, and can be removed by unscrewing a knob. One end of a nylon cord with a flattened cross section is attached to a bucket of sand, and then wrapped 4 to 6 times around the cylinder. The other end of the cord is attached to a rubber band, and the rubber band is attached to a rod that can be moved with respect to the cylinder. See Fig. 2 . The crank arm has a projection on it that advances a counter with every revolution. The counter can be zeroed by a knob. To raise the temperature by doing work on the cylinder the crank needs to be turned. The number of times the cord is wrapped around the cylinder and the tension of the rubber band are adjusted so that the bucket moves a few cm off the floor and the rubber band has very little tension when the crank is turned. The temperature of the cylinder is measured by a solid state device called a thermistor. This is a contraction of "thermal resistor." A resistor opposes the flow of electric current, and the amount it opposes the flow is given by its resistance, which is measured in units ohms (Ω). The resistance of a thermistor depends strongly on temperature, decreasing as the temperature increases. This property makes a thermistor a good thermometer for many applications. There is a thermistor buried in the cylinder. The two leads connected to the thermistor are attached to slip rings, and two stationary brushes slide against the slip rings. See Fig. 3 . Two leads attached to the brushes are connected to a Fluke multimeter. You can measure the resistance of the thermistor by turning the dial on the Fluke to Ω. The display will probably read in kilo-ohms, or kΩ. A table at the back of this write-up, and also on the apparatus, allows the resistance measured to be converted to various temperatures. You should use a linear extrapolation between table entries.
Procedures

Safety
The bucket that supplies the cord tension has a mass of about 9 kg (weighs about 20 lbs). Don't let it drop on your foot! Also, do not put your feet under the bucket. Check that the apparatus is securely clamped to the table, that the knob that holds the drum in place is moderately tight (please do not strip the threads), and that the knot holding the bucket is secure (knots in nylon can slip). As discussed below, adjust the number of turns of the cord and the position of the rubber band so that the bucket is never more than a few cm above the floor. The cord has some powdered graphite on it. When handling the cord you will pick up some graphite on your hands. Try not to touch your clothing, or better yet, don't wear your Sunday best.
Temperature
While the cylinder is at room temperature, measure this temperature using the resistance of the thermistor as determined by the Fluke multimeter. Check that the Fluke leads are plugged into the sockets on the apparatus and turn the Fluke dial to Ω. The resistance can be read on the display and the temperature interpolated from the thermistor table.
Mass of Bucket
Record the mass given on the bucket.
Familiarization
Get a feel for the proper adjustment of the cord and rubber band. Put the bucket on the floor under the apparatus. Take the cord, pass it through the notch in the base of the apparatus, and wind it perhaps 3 to 5 turns around the cylinder. Don't let the cord twist, that is, keep one flat surface of the cord on the cylinder. Take the other end of the cord with the rubber band and loop the rubber band around the rod supported by a table clamp. Adjust the position of this table clamp so that that the rubber band has a modest amount of tension in it. Turn the crank. If the adjustment is good, the bucket will rise a few cm above the floor and stay there while the crank is being turned and the rubber band will have little or no tension in it. If the cord does not slip on the drum there are too many turns of the cord. If the cord slips too easily on the drum there are not enough turns of the cord. If the bucket rises too high the initial tension of the rubber band was too high. If the bucket does not get off the floor either the initial number of cord turns was too few or the initial tension of the rubber band was too low. Experiment until you can get the right conditions in a reasonable amount of time. Remember, your two adjustments are the number of turns of the cord and the position of the rod that holds the rubber band.
Removing the Cylinder
Remove the rubber band from the rod and the cord from the cylinder. Unscrew the knob holding the cylinder to the apparatus and note that the exposed end of the cylinder is aluminum, smooth, and not segmented. There are also slots in the black plastic insert in the middle of the cylinder end which are not used. Pull the cylinder off the apparatus and inspect the inner end. Note the two slip rings, the brass color, and the two holes for the thermistor wires. Observe the transverse pin on the axle which must be aligned with the slots in the black plastic insert when the cylinder is put on the apparatus. Measure the mass m of the cylinder and its diameter.
Cooling the Cylinder
Place the cylinder in a Ziploc bag and seal it tight. Then gently place the cylinder on top of the ice. In approximately 4 to 5 minutes the cylinder should be 4 to 7 • C below room temperature. Remove the cylinder from the ice and hold it with the towel provided to minimize heat transfer from your hands. Use the towel to dry any moisture on the cylinder. Put the cylinder back on the apparatus, being sure that the slip ring end goes on first and that the orientation allows the pin to lock the angular position of the cylinder. Put the knob back on and tighten it securely. 6. Would it be possible for the heat absorbed by the cylinder be greater than the work done on the cylinder? Explain. 9 Historical Comments
Count Rumford
In the 18th century the relationship between heat, work and energy was very poorly understood. The rise or fall of the temperature of a body was supposed to be due to a flow of a substance called caloric. Perhaps the first person to shed light on the nature of heat was Count Rumford, who has to be one of the most interesting and controversial people who ever lived. At the end of this write-up is a brief comment on this man supplied by PASCO. If you ever find yourself going through Concord, NH, you might enjoy visiting the museum which has some material on the Count.
James Prescott Joule
In the middle of the 19th century Joule made the first credible measurements of the mechanical equivalent of heat. His best value was within 0.6 % of the modern value. He used several methods: electrical work, frictional work, and mechanical work (compression of gas). His best known apparatus consisted of paddle wheels rotating in water and powered by falling weights, somewhat akin to the experiment you are doing.
Finishing Up
Please leave the bench as you found it. Thank you. 
